The temporal and spatial distribution of the basement membrane component laminin was examined in vivo in developing rat hearts at 11.5 and 15 days of embryonic development (ED), and in neonates and adults, by pre-embedding ultrastructural immunocytochemistry. In addition, the patterns observed at 11.5 days ED were compared to the distribution of laminin in embryos maintained in whole-embryo culture.
Introduction
Individual components of basement membranes, such as laminin and Type IV collagen, have been shown to influence several developmental processes (Martin and Timpl, 1987) . The role of these components appears to vary according to the tissue type and the component investigated (Yurchenco and Schittny, 1990; Abrahamson, 1986) . Several investigators have utilized in vitro techniques to demonstrate the importance of these and other extracellular matrix (ECM) components and their membrane receptors to the migration, recognition, adhesion, and differentiation of a variety of cell types (Adams and Watt, 1990; Vok et al. 1990; Gullberg et al. 1989; Hilenski et al. 1989 Hilenski et al. , 1991 Buck and Horwitz, 1987; Martin and Timpl, 1987) .
In adult tissues, the basement membrane performs specific functions, such as in kidney, where it forms a selectively permeable barrier (Desjardins and Bendayan, 1989) . However, the role of the basement membrane in development remains less well defined. Laminin developing extracellular matrix material associated with the sarcolemma. Gaps between areas of localization were shorter than in the 11.5day hearts. In neonates, distribution of laminin localization was more extensive with fewer gaps and was associated with the developing basement membrane. In adult hearts, laminin was localized along the entire length of the basement membrane and was heaviest in areas of motphological specialization, such as 2-bands, where collagen bundles contacted the sarcolemma. ( J Hisrochem Cyrochem KEY WORDS: Laminin; Heart development; Electron microscopy; Immunocytochemistry.
40:1373-1381, 1992)
is the most abundant glycoprotein in basement membranes and one of the earliest ECM proteins to be detected during embryogenesis (Martin and Timpl, 1987) . It has been shown to be necessary for the development and survival of a variety of tissues and organs, including neurites (Edgar et al. 1984 (Edgar et al. , 1988 , kidney (Laurie et al., 1989) , lung (Schuger et al., 1990) , cardiac and skeletal muscle (Borg et al., 1990a,b; Sanes et al., 1990) , and intestine (Simo et al., 1991) . In skeletal muscle, laminin plays an important role in myotube differentiation and is found in distinct patches along the myotube in association with acetylcholine receptor accumulations, which indicates laminin is important in development of the neuromuscular junction (Nitkin and Rothschild, 1990; Hunter et al., 1989) . In rat intestine, changes in the molecular forms, biosynthesis, and spatiotemporal expression of laminin are related to key events in morphogenesis and differentiation.
Laminin has an important role in the attachment of isolated cardiac myocytes at various stages of development to culture substrates (Borg et al. 1984 (Borg et al. ,1990a Borg and Terracio, 1989; Lundgren et al. 1985 Lundgren et al. ,1988 and embryonic heart mesenchymal cells migrate into three-dimensional laminin gels which closely mimic in vivo conditions . However, little is known about the in vivo temporal and spatial distribution of laminin during development of the heart. Laminin is not found in Stage 14 embryonic chick hearts and is only present on the cardiac jelly/basement membrane surfaces of the endothelium and myocardium of Stage 17 chick embryos (Kitten et al., 1987) . In Stage 19 embryonic chick hearts, laminin is distributed as an amorphous array of fine filaments and granular areas throughout the cardiac jellylbasement membrane .
The presence of laminin has been defined in rat neonatal and adult cardiac myocytes in vitro, but the in vivo presence in embryonic rat hearts has not been examined (Lundgren et al., 1985 (Lundgren et al., ,1988 ). At the light microscopic level, laminin appears on isolated cells by Day 11.5 of embryological development (ED), but the organization of the laminin cannot be resolved at this level. The purpose of this investigation was to document the spatial and temporal presence of laminin by electron microscopic immunohistochemistry during development of the rat heart both in vivo and in whole-embryo culture, and to compare the distribution of laminin from in utero embryos to those maintained in culture.
Materials and Methods
Animals. All animals were housed in a facility approved by the American Association for Accreditation of Laboratory Animal Care. All protocols for animal use were approved by the institutional animal review board. For in vivo studies, embryos were obtained from timed pregnant Sprague-Dawley rats at 11.5 and 15 days ED. Gestation was timed from when a vaginal plug was first noted. After the mother was anesthetized with a lethal dose of ketamine, embryos were removed and decapitated before removal of the heart. Neonatal rats within 24 hr of birth were decapitated. Adult rats were anesthetized with ether before removal of the heart. Five hearts were examined at each stage.
Whole-embryo Culture. Whole-embryo cultures were obtained by methods similar to those originally described by New (1978) and modified by Sadler and Warner (1984) . Briefly, the uterus was removed from each dam at 9.5 days ED and the implantation sites were separated by appropriately incising the uterus. Maternal tissues, the parietal yolk sac, and Reichert's membrane were removed under a stereoscopic microscope, leaving each conceptus intact. Culture medium was prepared using 75% (v/v) rat serum and 25% Tyrode's buffer. Serum for embryo culture was collected from adult rats by puncture of the abdominal aorta under ether anesthesia and was immediately centrifuged at S' C (Sadler and Warner, 1984) . The serum was then heat-inactivated at 56'C for 30 min and stored at -2O'C until used for culture. Cultures were gassed using 5 % C02, 5% 0 2 , 90% N2 before culture and after 12 hr of incubation. After 24 hr of culture, a 20% 02/5% co2/75% N2 gas mixture was used. Embryos were staged developmentally (New, 1978) and those at the same stage of development were placed in 50-ml culture bottles. Each bottle contained one embryo, 5 ml medium, 100 U/ml penicillin, and 50 Bg/ml streptomycin. Culture bottles were gassed as described above, stoppered, and placed on a rotating wheel at 30 rpm in an incubator at 37'C. At 24 and 48 hr in culture embryos were again scored developmentally, fixed, and processed for electron microscopy as described below.
Antibodies. Production and characterization of affinity-purified antibodies to laminin from the EHS sarcoma have been described previously (Lundgren et al., 1988) . Secondary antibodies conjugated to 5-nm gold were purchased from Janssen Pharmaceuticals (Amersham; Arlington Heights, IL).
Electron Microscopy. Hearts used for electron microscopy were dissected in cold Tyrode's solution. At 11.5 days ED and in whole-embryo cultures the entire heart was used, as the areas of the heart could not be separated.
At this stage, each heart was cut into three or four pieces, with one piece serving as the control while the other pieces were incubated in the primary antibody. In later developmental stages and in the adult, the left ventricle was removed, minced into I-mm pieces, and fixed for 2 hr at room temperature in 4% paraformaldehyde and 0.2% glutaraldehyde in Sorensen's phosphate buffer, pH 7.4. For each of these hearts three pieces were incubated as controls and the remaining pieces of tissue were processed for immunolabeling. Tissues were processed similarly to the method described by Martins-Green and Tokuyasu (1988) for pre-embedding ultrastructural immunocytochemistry. After fixation, tissues were rinsed in PBS buffer containing 0.02 M glycine, 0.002% Triton X-100, and 0.02% sodium azide (PBSS buffer) for 30 min at 22°C and in three further changes of PBSS for 2-3 hr each at 4°C. Tissues were then incubated for 8-12 hr at 4'C in primary antibodies (anti-laminin, 10 pg/ml) diluted in PBSS, rinsed in three changes of PBSS at 4°C at 2-3-hr intervals, and incubated in goat anti rabbit secondary antibodies conjugated to 5-nm gold (153 dilution) for 8-12 hr at 4°C. Control tissues were incubated in PBSS without the primary antibody. No gold localization was observed on control sections at any of the developmental stages. After incubation in secondary antibodies, tissues were rinsed in three changes of PBSS at 2-3-hr intervals at 4"C, fixed in 2.5% glutaraldehyde in Sorensen's phosphate buffer, post-fixed in 2 % aqueous osmium tetroxide, ethanol-dehydrated, and embedded in PolylBed 812 (Polysciences; Warrington, PA). Sections (0.25 wm by interference colors) were stained with 0.5% aqueous uranyl acetate and Reynolds' lead citrate (Reynolds, 1963) and viewed at 160 and 200 kV on a JEOL 200CX TEM.
Care was taken to observe only sections of the same interference colors at the various developmental stages examined.
Results
At 11.5 days ED, most myocytes appeared undifferentiated with few myofibrils, and the majority of the cytoplasmic area was occupied by polyribosomes and rough endoplasmic reticulum. The basement membrane was not evident as a distinct and contiguous layer; however, small focal regions of electron-dense developing ECM were observed (Figure 1 ). Localization of laminin staining was confined to these areas, usually 2 pm or less in length and several pm apart along the plasma membrane, with little to no staining on adjacent areas of the cell surface. Heavy concentrations of staining were frequently associated with cell projections, in areas of close cell apposition, and in areas where the plasma membrane was indented at sites of presumptive sarcomere formation (Figure 1 and inset). Stereo microscopy (Figure 2 ) demonstrated that these patches of laminin staining extended away from the cell surface into the extracellular space. Staining of myocytes from hearts maintained in whole-embryo culture showed a similar pattern as those in utero. In cultured embryos, laminin staining was evident in limited areas on the surface of the plasma membrane and associated with small patches of developing extracellular matrix material closely associated with the plasma membrane on lamellipodia and in areas of cell contact (Figure 2 ).
There was a marked increase in the number of myofibrils within the myocytes of hearts at 15 days ED. Myofibrils at this stage showed a close association with the sarcolemma. A contiguous basement membrane was still not apparent; however, there was an increase in the distribution of the electron dense extracellular matrix material associated with the sarcolemma, and laminin localization was restricted to these areas of developing ECM. Gaps in laminin localization were seldom more than 1-2 pm in length (Figure 3) gaps in the distribution of the developing ECM and laminin localization were found in areas where cells were in close apposition (Figure 4) .
In 1-day-old neonatal rat hearts, the patches of basement membrane material were further developed ( Figures 5 and 6) ; however, although large areas appeared contiguous there were still limited regions of 1-2 pm with no electron-dense ECM material. Myofibrillar arrangement formed a similar pattern as seen in the adult; however, the myofibrils were not packed as densely as in the adult cells. Areas of lateral growth of the myocytes were apparent as previously described (Borg and Caulfield. 1979) . Laminin localization was associated with greater lengths of the sarcolemma and ECM material than in the 11.5-and 15-day ED stages, but small gaps in the localization remained ( Figure 5 ). Frequently, laminin localization was associated with indented areas of the plasma membrane and with dense subsarcolemmal areas in the cytoplasm which were presumptive sites of Z-band development (Figure 6 ).
In adult rat hearts, the basement membrane formed a contiguous layer which followed the plasma membrane contour of the myocytes. When the basement membrane was cut in cross-section, laminin staining was in small punctate patches associated with the basement membrane. In most areas, localization of laminin appeared to be less than that seen at the neonatal stage (compare Figures 6,7, and 8) . In the adult, laminin localization was greatest at regions of morphological specialization of the sarcolemma related to structural integrity of the heart. These regions consisted of the Z-bands and areas where collagen appeared to contact the myocytes (Figure 8 ).
Discussion
Laminin was present at all embryonic, neonatal, and adult stages examined, but changes in the temporal and spatial distribution occurred as the embryo matured. In the early embryonic stages laminin localization was limited to short lengths of the plasma membrane, with large gaps between areas of staining. As embryos matured, the developing extracellular matrix material and distribution of laminin localization became more extensive, but localization remained in punctate patches, with smaller gaps between areas of staining. Although it is difficult to quantify pre-embedding immunolocalization studies, qualitative observations from the several animals observed in this study suggest that laminin localization was greatest in neonates when few gaps in the laminin localization were observed, and overall localization of gold appeared heavier than in the adults. The apparent increase in laminin localization at the neonatal stage coincides with the differentiation of myocytes and morphological changes in the heart associated with birth. In the adult, the spatial distribution of laminin along the basement membrane was more extensive than in the 11.5-and 15-day developmental stages when large gaps in laminin localization were found. However, with the exception of specialized regions such as the Z-band-sarcolemma and collagen strut-sarcolemma interfaces, staining in the basement membrane appeared to be less than in the developmental stages (compare Figures 5-8) .
Specific integrin receptors for laminin have also been shown to be present during development of the heart and in cardiac hypertrophy ) and the integrins have been shown to be associated with both interstitial collagens and laminin (Mecham. 1991) . In the heart, this component is high during embryological development and is also present during the rapid growth of the myocytes during neonatal development. Reduced amounts of this integrin are present by immunoprecipitation in the normal adult heart . This evidence for temporal changes in the membrane receptors for laminin supports the qualitative immunocytochemical observations presented in this report that there are temporal changes in laminin at different developmental stages in the adult rat heart.
Temporal and spatial changes in the distribution of laminin have also been found in the intestine of rats (Simo et al., 1991) and interstitial ECM and basement membranes of sciatic nerves of mice (Kucherer-Ehret et al., 1990 ). In addition, Laurie et al. (1989) found temporal and spatial changes in the cellular expression of mRNA ' for laminin in the kidney. In all of these reports, the greatest expression of laminin was during periods of maximal differentiation in the tissues studied. This correlates well with the apparent changes in laminin localization found in the heart associated with morphological changes at birth.
The importance of laminin, as well as other ECM components, to the attachment, myofibrillogenesis, and development of cardiac myocytes has been clearly demonstrated by a number of investigators by use of in vitro cell culture techniques (Hilenski et al., 1991; Lundgren et al., 1988; Borg et al., 1984) . However, few studies exist that correlate what has been found regarding the in vitro distribution of laminin in isolated cardiac myocytes with the in vivo distribution at various stages of development.
Neonatal and adult cardiac myocytes readily attach to laminincoated culture substrates (Borg et al., 1984) , and laminin promotes the in vitro spreading and survival of isolated adult cardiac myocytes (Lundgren et al., 1985) . The surface of freshly isolated adult cardiac myocytes stained with anti-laminin has a uniform staining pattern interrupted by an intense banding pattern indicative of the sarcomere distribution (Lundgren et al., 1988) . In culture. the myofibrils de-stabilize and laminin appears to undergo a reorganization. After 5-9 days in culture, cardiac myocytes are spread and laminin is found primarily on the basal surface of the cell at sites ofcell-substrate adhesion. The newly developed myofibrils are anchored at the focal adhesions and the developing sarcomeres are associated with the laminin localization sites only on the underside of the cell (Lundgren et al., 1988) .
The punctate distribution of laminin in the early embryonic stages of the heart may play a significant role in cell-cell interac-tion, attachment. and myofibrillogenesis. It is tempting to speculate that these intense focal localizations in early embryos play a role similar to the focal adhesions found in cultured cells. If so, the intense areas of laminin localization found along the plasma membrane may provide attachment sites for developing myocytes and anchoring sites for the developing myofibrils, similar to those found in focal adhesions in culture.
In mature cardiac myocytes. laminin stains the entire basement membrane with an increased accumulation at the Z-bands and surrounding the collagen struts that contact the sarcolemma near the Z-bands. Earlier studies have shown that the collagen struts ensure proper alignment for the transmission of the increased force generated during the maturation and hypertrophy of cardiac mvocytes (Borg and Caulfield, 1979) . This intense association of laminin, which forms a collar around the collagen struts, indicates an integral role for the basement membrane laminin in the attachment of collagen struts to the sarcolemma.
In both in vivo embryos and in in vitro whole-cultured embryos, laminin is localized in distinct punctate regions associated with lamellipodia and in areas of close cell-cell apposition and contact. Sanes et al. (1990) have also shown focal localizations in regions where neuromuscular synapses form, and others (Reichardt and Tomaselli, 1991) have shown laminin in discrete locations at the tips of growing neurons. This arrangement of laminin in discrete locations appears to support the concept that laminin provides positional information during growth and development. Further experimentation to block the redistribution and organization of laminin will be required to ascertain whether it indeed provides positional information that may be associated with developmental processes such as cell recognition, migration, myofibrillogenesis, and sarcomere formation. The interaction of specific membrane receptors of the integrin family with laminin and collagen will provide interesting insights into the role of the ECM components in the regulation of cardiac myocyte phenotype and growth. The data presented here, which indicate the normal development of cardiac myocytes and basement membranes in whole embryo-cultured em- bryos, provide important baseline information for experiments that involve microinjection of antibodies into specific regions of the hearts of cultured embryos to perturb development and to determine the role of laminin and other ECM components, and their membrane receptors, in the developing embryo.
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